HLA genotypes have been analyzed in 120 classic type I (insulin-dependent) diabetic sib pairs with an age of onset below 16 yr reported to the British Diabetic Association register (1972-78). By this age, siblings of diabetic children are 26 times more likely to develop type I diabetes than other children. There is a highly significant disturbance in the zygotic assortment of HLA haplotypes in these sib pairs, providing conclusive evidence for the existence of major susceptibility genes in the HLA complex.
I n 1975 we presented evidence for the first time that the presence of type I (insulin-dependent) diabetes in families segregated with HLA haplotypes. 1 These preliminary findings were thought to be consistent with the hypothesis that a gene or genes determining the major susceptibility to type I diabetes operate at a locus closely linked to the major HLA loci.
In this and later studies 1 -2 we found a marked excess of affected sib pairs who were HLA identical (i.e., both HLA haplotypes had been inherited in common), implying that genes influencing the predisposition to diabetes are often inherited from both parents. Subsequent studies in other countries 3 - 4 have confirmed these observations, but consid-erable argument has taken place concerning the mode of inheritance of the HLA susceptibility factor. For example, some investigators favor a dominant inheritance, 5 whereas others argue that the results from family studies are compatible with an autosomal recessive pattern. 6 The Achilles' heel of these arguments is the relatively small number of families studied (usually [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and, secondly, the absence of reliable information concerning the true prevalence of the disease.
We have had a unique opportunity to throw important new light on this problem by studying a large number of diabetic multiplex families reported to the British Diabetic Association (BDA) register.
PREVALENCE OF TYPE I DIABETES IN CHILDREN
In 1972 the Paediatric Research Group of the BDA, under the chairmanship of Dr. Arnold Bloom, invited all physicians and pediatricians in the United Kingdom and Eire to notify to a central register new cases of diabetes in children under the age of 16 yr. About 1200 cases have been reported each year with little variation, indicating an average annual incidence of about eight children per 100.000. 7 Notification rates in different regions ranged from 5 to 13/100,000, and this variation probably reflected variability in ascertainment and reporting rather than an indication of any true differences in regional incidence. The higher incidence figure was very similar to that obtained in a much smaller incidence study in Denmark (14 per 100,000), where the ascertainment was virtually 100%. 8 Thus, by taking this incidence rate, the prevalence of type I diabetes at the age of 16 yr is 0.22%. This is very important when we consider the genetic basis of the disease.
FAMILIES STUDIED
Between 1972 and 78, 6600 cases were notified to the BDA register. Completed questionnaires were received concerning 4869 (74%) families, out of which a total of 184 families indicated the presence of two or more affected siblings. The ages at onset, the total number of siblings, and the discordance times between affected siblings were ascer- tained. 9 There were seven families with three affected children and four families with four affected siblings. The majority of families consented to participate in the study and was visited by one of us (AW). Blood was taken for HLA genotyping and autoantibody studies. Eleven families included monozygotic twins or twins of uncertain zygosity. These were excluded from the study because of the known increased concordance rate for diabetes in identical twins.
HLA genotyping of both parents and all available siblings was performed using a modified microlymphocytotoxicity method providing accurate definition of 16 A locus antigens, 30 B locus antigens, and 6 C locus antigens. 10 This article deals specifically with the HLA-A.B.C genotypes in available affected sib pairs. The probabilities of two random siblings having both HLA haplotypes identical, one haplotype identical, and neither haplotype identical are P = 0.25, P = 0.5, and P = 0.25, respectively. The sibling method for detecting HLA-linked genes 11 was employed in the analysis of the results. Organ-specific autoantibodies were investigated exactly as reported previously.
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PREVALENCE OF TYPE I DIABETES IN SIBLINGS
Based on the number of siblings at risk, the average annual incidence of diabetes in a second sibling is 0.36, and the prevalence of diabetes in siblings by age 16 yr is 5.7% (these data are being presented in detail elsewhere). 9 Thus, by taking the prevalence figure 0.22% for type I diabetes affecting children at random by age 16 yr (vide supra), it can be seen that a sib of a type I diabetic is 26 times more likely to develop the disease than other children.
RESULTS OF HLA GENOTYPING
There was a total of 402 informative meioses in the present study; three HLA-A.B recombinants were observed, two occurring in diabetics. These two sib pairs were excluded from the analysis. Also excluded were five immigrant families (two West Indian, one Indian, one Pakistani, and one Italian), although it is of interest that the affected sibs in each family possessed at least one HLA haplotype in common. A total of 120 sib pairs was available for analysis. The zygotic assortment of HLA haplotypes in these 120 type I diabetic sib pairs is shown in Table 1 . Fifty-seven percent were HLA identical, 37% haplo identical, and 7 pairs (6%) were HLA nonidentical (P < 10~1 0 ). This highly significant disturbance in haplotype distribution compared with the expected distribution 11 provides strong evidence for the existence of HLA-linked gene(s) controlling the major genetic susceptibility to type I diabetes.
The frequencies of the relevant "high risk" HLA antigens in type I diabetes in the eldest siblings is compared with those observed in the probands of 165 families with a single affected child from the same geographical area in the United Kingdom 12 ( Table 2 ). There is no significant difference in the HLA characteristics of type I diabetic multiplex families, and in particular no evidence of an increased prevalence of two high risk antigens (e.g., HLA-B8, B15), as was suggested in an earlier analysis.
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MODE OF INHERITANCE
The probabilities of the observed haplotype sharing for various frequencies of the disease susceptibility gene, db, can TABLE 2 HLA-B8and B15 antigen frequencies in the type I (insulin-dependent) probands in families with a single diabetic child compared with the frequencies observed in the oldest sibling of families with two or more affected children. All families were Caucasoid, and the age distributions were identical in the two studies (compared with 561 healthy controls) 
of HLA-identical sib pairs (i.e., both haplotypes in common) would support the recessive hypothesis. On the other hand, in the dominant case, it would be expected that the proportion of pairs who are HLA haplo identical (one haplotype in common) would be similar to, if not greater than, the proportion of HLA-identical pairs. Using the tables of Thomson and Bodmer, 14 the observed distribution of haplotype sharing in the present study is incompatible with a dominant mode of inheritance, and is consistent with the recessive case when the gene frequency of db approaches 0.35.
An estimate of penetrance (x) for a recessive gene can be obtained by the formula: x = prevalence of the disease/square of the gene frequency.
14 In the present study, taking the prevalence of the disease at 16 yr as 0.22%, x = 0.0022/(0.35) 2 = 0.018. This is a vastly lower estimate of penetrance than previously supposed, and would be even smaller if a prevalence for type I diabetes of 0.1% is taken.
PREVALENCE OF AUTOIMMUNITY
The presence of other autoimmune endocrine disease was determined. The most commonly reported condition was autoimmune thyroid disease (Graves' disease or primary myxoedema), which was present in a first-degree relative of the proband in 9% families. Of particular interest is the history of unequivocal rheumatoid arthritis in a first-or second-degree relative of 12% of probands, similar to that observed in the Barts-Windsor family study of 160 families from one area with a single affected child. 12 The prevalence of islet cell, thyroid microsomal, and gastric parietal cell antibodies was investigated in 110 (92%) of the sib pairs and their first-degree relatives. The frequency of islet cell antibodies was a little higher in the second affected sib, reflecting the more recent onset of diabetes, but the distribution of all autoantibodies in these families was very similar to the pattern we have observed in families with one affected child (Table 3) .
DISCUSSION
Type I (insulin-dependent) diabetes is clinically a fairly easily recognized condition in Caucasoids. The BDA register of newly diagnosed children under 16 yr therefore provides a unique and extremely valuable source of data concerning juvenile-onset cases. The prevalence estimate of the dis- ease by the age of 16 yr in the United Kingdom was between 0.1% and 0.2%. The latter is likely to be the more accurate figure based on incidence data from regions where the ascertainment is high. In the present series of families it has been calculated 9 that the prevalence in sibs by the age of 16 yr is 5.7%, which is very similar to that found by Simpson. 15 Thus, by taking the higher prevalence figure (0.22%), the sibs of type I diabetics are 26 times more likely to develop the disease than other children.
Of the 120 diabetic sib pairs who were HLA genotyped, 69 (57%) were HLA identical compared with the expected 25% (Table 1) . Only 7 pairs (6%) were not sharing at least one haplotype in common. This highly significant disturbance of zygotic assortment of HLA haplotypes compared with the expected distribution provides conclusive evidence for the existence of major susceptibility gene(s) operating at loci closely linked to the HLA system. The small number of pairs who were HLA nonidentical did not appear to behave in any way differently from the majority. The discordance times, "honeymoon" periods, and presence of autoimmunity were similar to those of the main group. On the other hand, lack of HLA identity in these sib pairs does not exclude the presence of a major HLA-linked gene. However, genes outside the HLA complex may also contribute to the overall susceptibility and perhaps in some cases environmental factors alone (? chemical toxins) may be entirely responsible for the pancreatic beta-cell damage.
With large numbers of accurately genotyped affected sib pairs, it becomes possible to test the mode of inheritance of an HLA-linked diabetes susceptibility gene according to the dominant or recessive case, based on the probabilities of the observed haplotype sharing. It can be deduced that our data do not fit a single gene dominant hypothesis.
14 Furthermore, although a recessive mode of transmission cannot be completely excluded, it too seems unlikely. From our knowledge of the concordance rate in type I diabetic identical twins (50%), 16 the absurdly low penetrance estimate (less than 2%) for a recessive db gene in the present study is difficult to accept, even allowing for the fact that there is a considerable bias toward the ascertainment of concordant twins. There are two other possibilities. First, our data may be compatible with an intermediate model, in which the penetrance is greater in db homozygotes compared with heterozygotes. Alternatively, there could be two different alleles at the same locus or two different genes at closely linked loci, in both cases operating by independent but not necessarily mutually exclusive mechanisms. Strong supportive evidence for the "two gene" hypothesis is provided by population studies. Thus, unrelated type I diabetics in both the United Kingdom 2 ' 17 - 18 and Denmark 19 show a positive association with two groups of HLA factors in linkage disequilibrium: HLA-DR3-DW3-B8-CW7-A1 and HLA-DR4-DW4-B15 (BW62)-CW3-A2. The primary associations are with the HLA-D and DR specificities. Children who have inherited two high risk factors, one from each group (e.g., B8, B15 or DW3.DW4 or DR3.DR4) have a more than additive risk of developing the disease compared with the relative risk observed with each specificity independently.
The mode of action of the HLA-linked susceptibility genes remains speculative. The HLA-DR3-B8 antigens are also associated with several other autoimmune endocrinopathies, 20 -21 which tend to have a female preponderance and later age of onset. The available evidence at present suggests that there is a particularly increased risk for HLA-DR3.DR4 heterozygotes in juvenile-onset type I diabetics, 18 ' 19 characterized by a slight male preponderance (20% excess) and transient appearance of islet cell antibody in the majority of cases. 22 An important question is whether there is an increased genetic predisposition to autoimmunity in type I diabetic multiplex families. The present study would suggest not. The distribution of islet cell antibody and other autoantibodies in the probands, unaffected siblings, and parents (Table 3) is very similar to that observed in 165 families of similar age pattern, in which there was only one diabetic child. 12 Furthermore, the HLA phenotype distribution and the frequency of homozygosity and heterozygosity for the high risk HLA-B antigens, B8 and B15, is the same in the two family studies (Table 2 .) HLA-DR typing of all our multiplex families may help to throw further light on this point. It is again interesting to note that this is the second family study 12 in the United Kingdom to draw attention to the probable association between type I diabetes and rheumatoid arthritis. This is of particular interest because HLA-DR4 (and DW4) is associated with both rheumatoid arthritis and type I diabetes, although in the latter it may be a relatively weak susceptibility factor in the absence of HLA-DW3-DR3. 17 In conclusion, this study has provided strong evidence for the existence of more than one susceptibility gene in the majority of type I diabetic families. Although environmental factors are clearly important in triggering the disease process in susceptible individuals, HLA genotyping of unaffected siblings can identify which siblings are at greater risk. This will have practical importance when methods are available for preventing or reducing the development of irreversible beta-cell destruction.
